Parthenogenetic embryonic stem (pES) cells isolated from parthenogenetic activation of oocytes and embryos, also called parthenogenetically induced pluripotent stem cells, exhibit pluripotency evidenced by both in vitro and in vivo differentiation potential. Differential proteomic analysis was performed using differential in-gel electrophoresis and isotope-coded affinity tag-based quantitative proteomics to investigate the molecular mechanisms underlying the developmental pluripotency of pES cells and to compare the protein expression of pES cells generated from either the in vivo-matured ovulated (IVO) oocytes or from the in vitro-matured (IVM) oocytes with that of fertilized embryonic stem (fES) cells derived from fertilized embryos. A total of 76 proteins were upregulated and 16 proteins were downregulated in the IVM pES cells, whereas 91 proteins were upregulated and 9 were downregulated in the IVO pES cells based on a minimal 1.5-fold change as the cutoff value. No distinct pathways were found in the differentially expressed proteins except for those involved in metabolism and physiological processes. Notably, no differences were found in the protein expression of imprinted genes between the pES and fES cells, suggesting that genomic imprinting can be corrected in the pES cells at least at the early passages. The germline competent IVM pES cells may be applicable for germ cell renewal in aging ovaries if oocytes are retrieved at a younger age.
INTRODUCTION
Parthenogenetic embryos in mammals show extremely poor development of extraembryonic tissues (Monk, 1988 ) and die at mid-gestation, presumably because of aberrant genomic imprinting (Mann et al., 1990; Surani, 1998) . However, parthenogenetic embryonic stem cells (pES) generated from parthenogenetic embryos developed from artificially activated oocytes can differentiate into all cell types in vivo and in vitro and develop into functional organs in the body . pES cells may provide a potential source of histocompatible pluripotent stem cells that are applicable in cell transplantation therapy for oocyte donors (Brevini and Gandolfi, 2008) while avoiding the creation of a competent live embryo.
pES cells have been created from parthenogenetic blastocysts of mice (Jiang et al., 2007; Kim et al., 2007) , rabbits (Fang et al., 2006; Wang et al., 2007) , non-human primates (Cibelli et al., 2002; Dighe et al., 2008) , and humans (De Sousa and Wilmut, 2007; Mai et al., 2007) . Interestingly, unlike IVO pES derived from IVO mature oocytes, IVM pES cells, which are generated from immature oocytes collected from adult mouse ovaries following in vitro maturation and artificial activation, exhibit increased pluripotency, as evidenced by the higher chimera production and greater differentiation potential to the germline (Liu et al., 2011) . However, the mechanisms underlying the pluripotency and regulation of IVM pES cells remain to be determined.
Several recent studies analyzed the expression and methylation of the imprinted genes of pES cells and found that these cells express paternally imprinted genes in a pattern similar to that of fertilized embryonic stem (fES) cells derived from fertilized embryos (Jiang et al., 2007; Horii et al., 2008; Li et al., 2009) . Moreover, pES cells undergo hypomethylation during isolation and in vitro culture and passages that may underlie the reactivation of the paternally imprinted genes in pES cells Liu et al., 2011) . Many of the regulatory steps, particularly those involved in cell proliferation, migration, and differentiation, depend on translation and posttranslational modifications of proteins (Levchenko et al., 2005) . Proteomics has been applied to study changes in global protein expression (Nagano et al., 2005; Wang and Gao, 2005) . Recently, a conventional twodimensional gel electrophoretic (2-DE) method has been used to analyze the proteome of mouse embryonic stem cells derived from fertilized, parthenogenetic, and androgenetic blastocysts, and a number of proteins were found differentially expressed (Cui et al., 2011 ). In the current study, a comprehensive analysis of the proteomes of two types of new pES cell lines was performed. Differences in protein profiling between fES and pES cells were compared using two complementary quantitative proteomic approaches, namely, the two-dimensional differential in-gel electrophoresis (2D-DIGE) (Lyakhovich et al., 2007) , and isotope-coded affinity tag (ICAT)-based proteomics (Aebersold et al., 2000) .
RESULTS

Protein identification and quantification via DIGE
Proteins were extracted from IVO pES (C3 cell line), IVM pES (1116 cell line), and fES cells (F1 cell line) at passage 10, and 50 μg proteins from each sample was loaded and run in 2D gels in three replicates. The cell line 1116 is a pESC line (named IVM pESCs) from parthenogenetic embryos developed from the immature oocytes of adult mouse ovaries following IVM and artificial activation, and the F1 cell line is a normal ES cell line established from fertilized embryos (Liu et al., 2011) . The separated proteins were analyzed using the DeCyder software. More than 1400 protein spots were detected and matched between the gels. Twelve proteins were found differentially expressed between the fES and IVM pES cells, whereas 39 proteins were differentially expressed between the fES and IVO pES cells, based on the up-or downregulation using the 1.5-fold cut-off (Fig. 1) . After DIGE experiments, 1 mg protein sample was loaded onto a 2D gel and separated to obtain a sufficient quantity of proteins for further identification. A total of 28 distinguishable spots were selected from the 2D gel for excision and identification via matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) or liquid chromatographytandem mass spectrometry (LC-MS/MS). Twenty-two proteins with at least two unique peptides matched to each protein and with a protein score above 60 were identified using the Mascot search engine. Each spot quantity was calculated using the DeCyder 2D Software V6.5 and the data were transformed into 3D images (Fig. 2) . Among the identified proteins, seven were found downregulated in IVM pES and four in IVO pES, whereas two were upregulated in IVM pES and 17 in IVO pES. Spot 1152, which was identified as peroxiredoxin 4 (Prdx4), was altered in both pES types and demonstrated similar regulation patterns in the two cell types.
Protein identification and quantification via ICAT analysis
Two parallel ICAT experiments between fES and IVM pES and between fES and IVO pES cells were conducted. The two separate data sets generated were labeled ICAT1 (fES and IVM pES) and ICAT2 (fES and IVO pES). ICAT-labeled peptides (fES sample was labeled with ICAT H (heavy) and pES with ICAT L (light) ) were first concentrated via avidin affinity chromatography and then subjected to LC-MS/MS analysis and database searching. A total of 684 proteins with ICAT H / ICAT L ratios ranging from 0.13 to 2.20 were identified in IVO pES, and 564 with ICAT H /ICAT L ratios ranging from 0.17 to 2.88, with at least more than two unique peptides, were detected in IVM pES. The mass spectra of the ICAT-labeled peptide pairs are shown in Fig. 3A and 3B. CQHAAEIITDLLR, a unique peptide from the far upstream element (FUSE)-binding protein 1 (FBP1), was detected by MS and generated b and y ions after a collision-induced dissociation with an ICAT tag at the N-terminal. The molecular weight of each b ion in ICAT H -labeled fES is 9 Da more than ICAT L -labeled IVM pES, suggesting that the peptides were all labeled with the ICAT reagents.
A total of 76 proteins were upregulated and 10 proteins were downregulated in IVM pES (1116) compared to fES (F1) ( Table 1) , whereas 80 proteins were upregulated and 6 proteins were downregulated in IVO pES (C3) compared to fES (F1) ( Table 2 ), based on the 1.5-fold cut-off. Notably, 63 proteins were commonly expressed in both types of pES cells and showed similar up or downregulated patterns. Three proteins, namely, caldesmon 1, hypothetical protein LOC433182 (GI:70794816), and unnamed protein (GI:74142393) were differentially expressed between IVM pES (1116) and fES (F1), whereas seven proteins, namely, Prdx4, FBP1, nuclear matrix protein SNEV, stomatin-like protein 2, and three unnamed proteins (GI:74204235, GI: 149266312, and GI: 74181760) were differentially expressed between IVO pES (C3) and fES (F1) and identified using both 2DE and ICAT methods (hypothetical proteins and unnamed protein products are not shown in Tables 1 and 2 ). IVO ES cells (Cy3, green) and those from fES cells (Cy5, red). After the spots were determined using DeCyder and the difference between pES and fES was found statistically significant, a separate 2D gel loaded with 1 mg protein was run and stained with Coomassie brilliant blue. (C) Spots of differentially expressed proteins between fES and IVM pES were selected from separate 2D gels for peptide mass fingerprint analysis. (D) Spots of differentially expressed proteins between fES and IVO pES were selected from separate 2D gels for peptide mass fingerprint analysis. Each gel used pH 3-10 immobilized pH gradient (IPG) strips and the spots in the 10-100 kDa M w range were separated.
Verification via real-time polymerase chain reaction (PCR) analysis
The relative gene expression of 12 proteins that showed clear differences in expression, including some that were identified using both proteomic methods, was analyzed using real-time PCR and compared with that of fES cells, which served as controls because of the scarcity of specific antibodies for western blot verification. ICAT analysis results show that the protein levels of proteasome (prosome, macropain) activator subunit 4 (Psme4), deoxyuridine triphosphatase (Dut), polymerase (RNA) II (DNA-directed) polypeptide A (Polr2a), dihydrouridine synthase 3-like (Dus3l) in both pES, aquaporin 3 (Aqp3) in IVO pES, and spectrin beta 4 (Spnb4) in IVM pES showed over twofold increase compared with those of fES. Gene expression analysis shows that the genes for Psme4, Dut, Polr2a, Dus3l, and Aqp3 exhibited changes consistent with the protein variation detected using proteomics analysis; however, the Spnb4 in IVM pES was unchanged at the mRNA level and decreased in IVO pES cells (Fig. 4) . The stomatinlike protein 2 (Stoml2), aldo-keto reductase family 1, member B3 (Akr1b3), protein arginine N-methyltransferase 7 (Prmt7), nuclear matrix protein SNEV (SNEV), FBP1 in IVO pES cells, and Prdx4 levels in both pES types were commonly elevated based on the DIGE results. Real-time PCR shows that only Prdx4 mRNA was unchanged in both pES cells as well as in the fES cells, but the other genes exhibited expression patterns similar to those of their protein expression (Fig. 4) .
Localization and function annotation of differentially expressed proteins
The proteins were classified based on molecular functions and biological processes using the Panther Classification Figure 2 . Correlation of the 3D images with the protein spots showing significant differences between fES and pES. Each differentially expressed spot between IVM pES and fES or IVO pES and fES is shown in 3D images. Spots enclosed in red lines represent the protein quantity. The average pES/fES ratios are also listed. The 3D images were directly exported using the DeCyder image analysis software. Master No. denotes the spot number annotated from the separate 2D gel. The fold differences for the spots shown have p < 0.005. System (www.pantherdb.org), which reveal that the binding and transcription activities are the main functions of the differentially expressed proteins in both pES cell types. Many differentially expressed proteins that were elevated in both IVO and IVM pES are involved in cellular metabolism, protein metabolism, cytoplasm organization and biogenesis, and ribosome biogenesis and assembly, and the variation showed similar patterns. No distinct signaling pathways for the preferentially expressed proteins in the pES cells were found, except for those of mitogen-activated protein kinase (MAPK) 4 (MAPK pathway) and catenin (Wnt signaling pathway); the MAPK 4 and catenin levels were increased in both types of pES cells. In addition, arginine Nmethyltransferase 7 and histone deacetylase 1, which are involved in histone methylation and acetylation, respectively, showed higher expression levels in pES cells than in fES cells (Tables 1 and 2 ). No imprinted genes were upregulated in pES cells, except for the paternally expressed imprinted gene Impact (imprinted and ancient), which was detected via MS and whose unique STFQAHVAPVVCPEQVK peptide was detected in the ICAT experiment. The protein Impact was slightly downregulated in IVO and IVM pES compared to fES, with an average ratio of 0.80 and 0.85, respectively.
Ontological analysis shows that proteins for RNA processing, rRNA metabolism, processing and transcription, biopolymer metabolism, cell organization and biogenesis, and endoderm development were enriched in IVM pES cells (Fig. 5) involved in ectoderm and germ cell development, were expressed more in IVM pES cells than in IVO pES cells.
DISCUSSION
The differentially expressed proteins between fES and pES cells were analyzed using two complementary proteomic approaches. Approximately 1300-1500 protein spots were displayed in the DIGE gels, with consistent reproducibility for each sample despite the limited detection of the differentially expressed spots using this technique. Compared to the ICAT data, several low-abundance, hydrophobic, very large, or very small proteins were lost during the DIGE processes. Presumably, low-or high-abundance proteins cannot be displayed in a single gel, hydrophobic proteins were precipitated during IEF, and small proteins may have run out of the gel (Rabilloud, 2002; Marouga et al., 2005) . Using the gel-free proteomics method ICAT (Moseley, 2001) , more than 4000 pairs of ICAT-labeled peptides were detected in each ICAT experiment. Over 90 differentially expressed proteins were identified in the two types of pES cells, of which five were in IVM pES and eight in IVO pES, as shown by both ICAT and DIGE results. ICAT sensitivity is superior to that of DIGE. The differential expression of several proteins, such as stathmin 1, annexin A3, annexin A5, prohibitin, glutathione S-transferase, and superoxide dismutase (Cui et al., 2011) , between the fES and pES cells as detected by the 2DE method, was also confirmed in the comparison of fES and IVO pES cells using the DIGE method. Apparently, neither ICAT nor DIGE provides a comprehensive coverage on a proteome-wide scale (Aebersold et al., 2000; Wu et al., 2006) . ICAT may lose some proteins that do not contain cysteine (Gygi et al., 1999) , and may not easily detect modified proteins or protein isoforms generated via alternative splicing (Haynes and Yates, 2000; Zhang et al., 2001 ). Thus, these two complementary proteomic methods were used in an attempt to identify the differentially expressed proteins in pES and fES cells. Proteomic analysis shows that more than 5000 distinct proteins were identified in mouse ES cells (Graumann et al., 2008) . Among those identified using ICATand DIGE methods, only 15 showed changes in the expression above 2-fold in IVM pES cells and 29 in IVO pES cells. Thus, the variation in the proteome in pES cells did not significantly differ from that of fES cells. Moreover, IVM pES cell proteome exhibited greater similarity to that of fES than did IVO pES cells. Coincidentally, both types of pES cells exhibited developmental pluripotency, and IVM pES cells showed higher pluripotency, similar to fES cells Liu et al., 2011) .
Consistently, the expression of the imprinted genes was found relatively normal in both pES cell types, suggesting that the paternally expressed imprinted genes are activated and resemble those of fES cells, which is consistent with the realtime PCR results ). More than 80 imprinted genes have been identified (Vigé et al., 2006; Sritanaudomchai et al., 2010) , but some are non-coding RNAs that cannot be translated into proteins (Sapienza, 2002; Bartolomei, 2003) . In addition, arginine N-methyltransferase 7 was upregulated in both types of pES cells and histone deacetylase 1 was upregulated in the IVO pES cells, suggesting that epigenetic modification may contribute to pES cell reprogramming.
Proteins involved in cellular metabolism, protein metabolism, cytoplasm organization and biogenesis, and ribosome biogenesis were upregulated in both types of pES cells. Hypomethylation underlies the reactivation of the imprinted genes in pES cells , which can result in active RNA transcription and protein synthesis. The increased level of proteins related to oxidation-reduction and apoptosis likely resulted from the in vitro isolation and culture conditioning of pES cell lines. Among the differentially expressed proteins in IVM or IVO pES cells, caldesmon 1 was highly expressed in IVM pES cells compared with that in fES cells. Caldesmon is a calmodulin-binding protein that inhibits ATPase activity of myosin in smooth muscle (Huber, 1998) and is upregulated during differentiation of adult stem cells into smooth muscle (Harris et al., 2011) . Prdx4, FBP1, the nuclear matrix protein senescence evasion factor (SNEV), and stomatin-like protein 2 were upregulated in IVO pES cells. Prdx4 is an important protective antioxidant enzyme as well as a modulator of hydrogen peroxide-mediated signaling and plays a role in gamete maturation and during embryogenesis (Donnay and Knoops, 2007) . FBP1 is usually expressed in undifferentiated cells and is involved in cell growth, proliferation, differentiation, and apoptosis (He et al., 2000) . SNEV is very important for early mouse development (Fortschegger et al., 2007) . Stomatin-like protein 2 is also involved in regulating cell growth and adhesion. The function of the preferential expression of these proteins in IVM pES or IVO pES cells remains to be elucidated.
Notably, several proteins, such as nestin and the BPY2-interacting protein 1, which are required for embryonic development, were highly expressed only in IVM pES cells. Nestin is a marker for the ectoderm and plays a role in nerve development (Zimmerman et al., 1994) ; this protein has also been identified in mouse pES cells generated from growing oocytes (Shao et al., 2007) . BPY2-interacting protein 1 interacts with ubiquitin protein ligase E3A (Wong et al., 2002) and may be involved in male germ cell development and male fertility. BPY2 (Choi et al., 2007) , which encodes BPY2-interacting protein 1, is located in the non-recombinant portion of the Y chromosome and is specifically expressed in the testis (Skaletsky et al., 2003) . Whether preferential expression of BPY2 contributes to the high germline competence of IVM pES cells remains to be determined (Liu et al., 2011) .
A comparison of the pES and fES cellular peptide sequence data generated by DIGE and ICAT was documented. These global comparisons of protein profiling can be useful in understanding the mechanism underlying the pluripotency of pES cells and may serve as a reference map for future studies and the potential application of pES cells for stem cell therapy.
MATERIALS AND METHODS
IVM parthenogenetic stem cell line
The method used to derive the IVM pES cell lines was as previously described (Liu et al., 2011) . Briefly, the cumulus-oocyte-complexes (COCs) at the germinal vesicle stage were collected from hormone-primed mice by puncturing follicles in 20 mmol/L Hepesbuffered IVM medium. The COCs were cultured in 100 µL droplets of IVM medium and covered with mineral oil at 37°C in 6.5% CO 2 humidified air for 15-16 h until the IVM oocytes reached the metaphase II (MII) stage. The IVM medium consisted of 95% minimum essential medium (MEM, Invitrogen), 5% fetal bovine serum (FBS, Hyclone), 0.24 mmol/L sodium pyruvate, 1.5 IU/mL human chorionic gonadotrophin (hCG), and 1 IU/mL pregnant mare serum gonadotropin (PMSG). Parthenogenetic 'embryos' were produced via the activation of oocytes using SrCl 2 and cytochalasin D. The embryos were cultured in 50 µL droplets of potassium simplex optimized medium (KSOM AA ) and then covered with mineral oil at 37°C in 6.5% CO 2 humidified air. IVM parthenogenetic blastocysts were obtained via culture of the activated IVM MII oocytes for 96 h. Approximately 10 days after IVM blastocyst seeding, the ICM outgrowths were mechanically removed, separated into small clumps, and reseeded on fresh feeder cells. Stable embryonic stem-like (ES) cells were routinely obtained after two or three passages. IVM pESC lines were passaged and cultured in ESC medium supplemented with FBS.
Cell culture and protein extraction
The fES (F1), IVM pES (1116), and IVO pES (C3) cell lines used in the current study were established in the laboratory and were previously reported Liu et al., 2011) . Chimeras were generated from both pES cell lines 1116 and C3, but IVM pES 1116 chimeras showed high germline transmission. Cell lines grown on mouse embryonic fibroblasts (MEF) were treated with trypsin/EDTA and resuspended in an ESC medium. The mixture was then placed twice on 0.1% gelatin-coated dishes for 30 min to allow MEF to attach to the bottom of the dishes. Cells that remained in the supernate were harvested via centrifugation for 5 min at 1000 rpm and washing with PBS three times. The cells were then stored at −80°C. The cell pellets were lysed via sonication (5 × 10 s pulses on ice) in a sample buffer (7 mol/L urea, 2 mol/L thiourea, 4% CHAPS, and 2% IPG buffer) at a 1:20 w/v ratio. After centrifugation at 14,000 rpm for 1 h, the protein concentration was determined using the Bio-Rad Protein Assay (BioRad, Hercules, CA) (Bradford, 1976) .
DIGE, quantitative spot analysis, and identification of differentially expressed proteins
Stock cyanine dyes (1 nmol/μL) were diluted in anhydrous dimethyl formamide (DMF) p.a. to 400 pmol/μL (GE Healthcare). The dye (400 pmol per 50 μg protein) was added to the cell lysate. The sample was vortexed, briefly centrifuged, and left on ice for 30 min in the dark. The labeling reaction was stopped by adding 10 mmol/L L-lysine (1 μL per 400 pmol dye). After vortexing and centrifugation, the sample was left on ice for 10 min in the dark. Proteins extracted from the stem cells were labeled with Cy3 or Cy5 (Supplementary Table S1 ), mixed with Cy2-labeled internal standards, and run in one gel. The internal standard contained equivalent amounts of pooled proteins, including four samples which proved useful for internal calibration purposes.
Exactly 100 μL of pooled Cy3-or Cy5-labeled proteins was mixed with 2D DIGE buffer (8 mol/L urea, 2% CHAPS, 18 mmol/L DTT, 0.5% IPG buffer) and used for isoelectric focusing (IEF); IEF was performed on 13 cm IPG strips (PH3-10, NL), and the focusing parameters were initiated as follows: 30 V, rehydration for 12 h, 500 V for 1 h, 1000 V for 1 h, then 8000 V until a total of 48,000 V h was reached, and then hold at 500 V. The strips were equilibrated in 6 mol/L urea, 2% SDS, 50 mmol/L Tris-HCl, pH 8.8, 20% v/v glycerol, and 2% DTT for 15 min, and then placed in the same buffer for another 15 min, except that DTT was replaced with 2.5% iodoacetamide. The strips were placed onto the stacking gel without an agarose plug.
2-DE was performed using 12.5% SDS-PAGE gels at 15 mA per gel for 30 min, and then at 30 mA per gel until the bromophenol blue front reached the end of the IPG strip. Cy3-and Cy5-labeled images were acquired using a Typhoon 9400 scanner (GE Healthcare).
The SDS-PAGE gels were scanned using a Typhoon 9400 scanner (Amersham Biosciences). The excitation and emission wavelengths were specifically chosen for each of the dyes according to the recommendations of the manufacturer. The images were preprocessed using the ImageQuantTM software (Amersham Biosciences). Intra-gel spot detection and inter-gel matching were performed using the differential in-gel analysis (DIA) and biological variation analysis (BVA) modes of the DeCyder software (Amersham Biosciences), respectively. The spot intensities were normalized to the internal standard and the significantly regulated proteins were identified using the Student's t-test. The differentially expressed protein spots (p < 0.05) between either IVO pES or IVM pES and fES were identified using MS.
Preparative IEF was performed by increasing the protein amount loaded onto the IPG strips for spot picking. Exactly 1 mg protein was used for 2D electrophoresis, which was performed as previously described. After SDS-PAGE, the gel was stained with Coomassie brilliant blue according to the manufacturer's instructions.
Spots of interest were manually cut out of the preparative gel, digested in-gel with trypsin (Promega, Madison, WI), and extracted from the gel. Briefly, specific protein spots were washed twice with 30% acetonitrile (ACN) in 100 mmol/L ammonium bicarbonate (NH 4 HCO 3 ) and vacuum-dried. The gel samples were then reduced with DTT (10 μL 100 mmol/L NH 4 HCO 3 , 56°C for 0.5 h) and alkylated using iodoacetamide (60 mmol/L in 100 mmol/L NH 4 HCO 3 , room temperature for 35 min). Next, the gel pieces were vacuum-dried, rehydrated in 5 μL digestion buffer (10 ng/μL trypsin in 100 mmol/L NH 4 HCO 3 ), and covered with a minimum volume of NH 4 HCO 3 . After overnight digestion at 37°C, the peptides were extracted three times with a solution containing 60% ACN and 0.1% formic acid. The extracted digests were vacuum-dried.
C18 ZipTips™ (Millipore, Bedford, MA) were used for the MALDI target preparation. The peptides were eluted on the MALDI target with 2 μL matrix solution [α-cyano-4-hydroxy cynnamic acid in ACN and 0.1% trifluoroacetic acid (TFA, 1:1, v/v)]. For tryptic peptide analysis, MALDI-TOF MS was performed using the UltraFlex TOF-TOF LIFT MS (Bruker Daltonik, Bremen, Germany). The spectra were acquired in the positive mode, with a target voltage of 20 kV and the reflector voltage at 23 kV. The internal calibration of the peptide mass fingerprinting (PMF) spectra was performed using the autolysis products of trypsin with the monoisotopic masses m/z = 842.51, 1045.5642, and 2211.1046 Da. The PMF spectra were processed using the Mascot search engine to identify the proteins.
ICAT labeling, quantitative analysis, and identification of differentially expressed peptides Protein samples were reconstituted with the labeling buffer supplied with the ICAT Reagent Kit (ABI) and processed according to the manufacturer's protocol. Protein samples (200 µg) from each fES were separately labeled with the heavy ICAT reagent, whereas those from a paired control group (IVM pES and IVO pES) were labeled with the light ICAT reagent. The labeling process was conducted in denaturing buffer [50 mmol/L Tris-HCl, pH 8.5, 0.1% SDS, and 1 mmol/L tris(2-carboxyethyl)phosphine (TCEP)]. Each heavy ICATlabeled sample was mixed with the light ICAT-labeled pooled control sample and digested with 30 µg trypsin (Promega, Madison WI) at 37°C for 16 h. The resulting peptides were purified on cation exchange and avidin cartridges (Applied Biosystems) and subsequently incubated with cleaving reagents A and B (Applied Biosystems) in a 95:5 ratio (100 µL total volume) according to the manufacturer's protocol.
Each peptide fraction was analyzed via LC-MS/MS using a Thermo LTQ linear trap MS (Thermo Electron Corporation, San Jose, CA) equipped with a Thermo microelectrospray source. An online RP LC column (100 mm × 180 μm i.d., PepMap C18) was used for all analyses. The peptides were sequentially eluted with a 0%-100% gradient of buffer B (ACN:water:acetic acid, 80:9.9:0.1) in buffer A (ACN:water:acetic acid, 5:94.9:0.1) for 180 min at a post-split flow rate of 100 nL/min. The electrospray source parameters were 2.25 kV electrospray voltage, 5 V capillary voltage, 400-2000 m/z range, and 35% normalized MS/MS collision energy. Data were analyzed using Bioworks and Qual Brower.
Real-time PCR
Total RNA was extracted from ES cells using RNeasy Micro Kit according to the manufacturer's instructions. Extracted RNA was subjected to cDNA synthesis using QuantiTect Reserve Transcription (Qiagen). GAPDH served as a reference control and was corrected for PCR efficiency in differences between target and reference with efficiency correction using Relative Quantification Software (Roche LC 480). Standard curves were prepared for each gene using known quantities of total cDNA from other cells. Thermal cycling was conducted with a 10 min denaturation step at 94°C, followed by 40 three-step cycles: 30 s at 94°C, 30 s at 56°C or 58°C, and 30 s at 72°C. Primers for the real-time PCR are listed in detail in Table S2 .
